Abstract The migration of vascular smooth muscle cells (VSMCs) from the tunica media to the neointima is a key event in the development and progression of many vascular diseases and a highly predictable consequence of mechanical injury to the blood vessel. In vivo, VSMCs are surrounded by and embedded in a variety of extracellular matrices (ECMs) that must be traversed during migration. One 
barriers to cell movement in the intact vessel is the basement membrane (BM) that surrounds each VSMC and separates the VSMC-containing medial cell layer from the endothelium. We have used a Boyden chamber to monitor the ability of VSMCs to degrade a BM barrier as they migrate toward a chemoattractant and to define the role of extracellular proteases in this process. We show that cultured VSMCs can migrate across a BM barrier and that this ability was dependent on the phenotypic state of the cell. VSMCs maintained in a proliferating or "synthetic" state readily migrated across a BM toward a chemoattractant, whereas the migration of serum-starved/differentiated VSMCs was suppressed by >80% No 1 July 1994 breached during the migration of VSMCs from one tissue compartment to the next. Such barriers include the basement membrane (BM, consisting of collagen type IV, laminin, and heparan sulfate proteoglycans), which surrounds each VSMC in the intact vessel and separates the endothelial and medial cell layers. An interstitial matrix composed predominantly of collagen type I and fibronectin is the principal ECM material between VSMCs in the medial layer.13 In addition, multiple bands of elastic fibrils often separate concentric layers of VSMCs in the media. Although it has been reported that cultured VSMCs secrete proteases capable of degrading the ECM that they secrete,14 the type of matrix synthesized by cultured VSMCs can differ significantly from that which surrounds and encases them in ViVO. 15 Furthermore, the biochemical identity of the proteases involved in ECM degradation by VSMCs has not been established.
In many other cell types, the destruction of ECM barriers is mediated by extracellular proteases that are secreted by the migrating cell and that are generally localized to the immediate environment of the cell. 16 Serylproteinases, cysteinylproteinases, and matrix metalloproteinases (MMPs) in vitro assay to monitor and manipulate the ability of VSMCs to degrade defined ECM barriers as they migrate toward a chemoattractant. For the chemoattractant, we chose PDGF-BB because of the abundance of evidence that this growth factor acts as a VSMC chemoattractant in vivo.8 12 We then monitored the migration of cells both in the presence (referred to hereafter as invasion) and absence (referred to as migration) of a BM barrier. We show here that migration across a BM (ie, invasion) was dramatically inhibited by inhibiting MMP activity with a peptide whose sequence was derived from the conserved "cysteineswitch" region of the pro fragment of all MMPs and that was shown to inhibit MMP activity seen during gelatin zymography and in a fluorescent peptide assay for MMP activity. Migration in the absence of the BM barrier was unaffected by the peptide. Gelatin zymography and Northern blotting analyses indicated that synthetic VSMCs in cell culture synthesize and secrete an active form of MMP2 (72-kD type IV collagenase [gelatinase]), an MMP with an enzymatic specificity consistent with BM destruction. Neutralizing antisera to MMP2 inhibited VSMC migration through the BM barrier, while only slightly affecting migration in the absence of the barrier. The migration of "differentiated" VSMCs both across the BM membrane and in its absence was significantly suppressed, suggesting that cell differentiation altered the ability of the VSMCs to respond to PDGF-BB as a chemoattractant. In addition, MMP2 in the conditioned media of differentiated VSMCs was 15-to 20-fold less active than in synthetic cells. The acquisition of the ability to respond to a chemoattractant and the synthesis of enzymatically active proteases capable of degrading ECM barriers may, therefore, be part of the phenotypic transformation of VSMCs that occurs in response to vascular injury.
Materials and Methods

Cell Culture
Thoracic aortas from 3-month-old Wistar rats were removed and stripped of endothelium and adventitia. Medial VSMCs were obtained by a modification of the combined collagenase and elastase digestion method.26 Cells were maintained in Dulbecco's modified minimal essential media (DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 1 mmol/L nonessential amino acids, 20 mmol/L L-glutamine, 50 mg/mL penicillin, 50 mg/mL streptomycin, and 10 mg/mL neomycin (GIBCO Laboratories) in a humidified 5% CO2 atmosphere at 37°C. Cells were passaged after reaching confluence using 0.25% trypsin/3 mmol/L EDTA (National Institutes of Health Media Unit). Cells for the experiments described in this study were used between the 5th and 14th passages. Proliferating cells were harvested for migration assays or biochemical analyses at subconfluence. In vitro differentiation of VSMCs was accomplished by allowing cells to accumulate postconfluently to achieve the characteristic "hill-and-valley" morphology and then reducing FBS in the medium to 0.5% or replacing it with DMEM and GMS (1 ,ug/mL insulin, 0.67 ng/mL sodium selenite, 0.55 ,ug/mL transferrin, and 11 ,ug/mL sodium pyruvate) (GIBCO Laboratories) for 5 to 7 days.
Migration/Invasion Assays
Migration/invasion assays were performed with a modified Boyden chamber as previously described.27 For migration in the absence of a BM barrier, PVPF filters (8-,um pore diameter, Nucleopore filters) were first coated with a solution containing 100 ,ug/mL type I collagen (UBI) and 5 ,ug/mL fibronectin (Collaborative Research) and then air-dried. For migration in the presence of the BM barrier (defined here as invasion), reconstituted BM (10 ,ug) was then layered onto each coated filter and allowed to dry at room temperature. The membrane was then rehydrated with DMEM before use.
This procedure produces a thin, continuous, and even coating of matrix material of =-10 ttm in thickness. Reconstituted BM was prepared from the Engelbreth-Holm-Swarm tumor as described previously.28 Protein concentration of the extract was determined by the method of Bradford.29 The concentration of protein in the BM used in these experiments was z8 mg/mL. Boyden chambers were assembled by adding 10 ng/mL PDGF-BB in DMEM to the lower (chemoattractant) chamber. Cells (200 000) suspended in DMEM containing 0.1% bovine serum albumin (BSA) were then added to the upper chamber in a final volume of 0.8 mL. The chambers were then incubated for 4 hours at 37°C in a 5% CO2 atmosphere. At the end of the incubation period, the cells on both sides of the filter were fixed and stained with hematoxylin/eosin (HEMA 3 differential staining system, Curtin Matheson Scientific). Usually, the cells on the upper surface were mechanically removed, and the cells remaining on the underside of the filter were counted under x 400 magnification. In some cases, however, the cells on the upper surface were counted to determine whether changes in cell attachment accompanied phenotypic changes in the VSMCs or their treatment with various reagents. In all cases, four fields were counted per filter, and all experiments were run in triplicate. The average of these determinations was taken as the mean for use in statistical comparisons. Each triplicate assay was repeated at least three times on separate occasions with different VSMC preparations.
Chemotaxis was also assayed in the Boyden chambers described above, except that the reconstituted BM was omitted. Supernatants from both chemoinvasion and chemotactic upper chambers were removed after 4 hours for zymography and the collagenase peptide assay.
Inhibition of MMP Activity
A synthetic peptide capable of inhibiting MMP activity both in vitro and in vivo was used to determine whether MMPs play a role in the process of ECM invasion by VSMCs.30 The sequence of the peptide (TMRKPRCGNPDVAN) is based on the conserved cysteine-switch region present in the pro fragment of all MMPs and is thought to be responsible for inhibiting enzyme activity when the MMP is in the pro form.31 A peptide (TMRKPRSGNPDVAN) in which the cysteine at peptide position 7 is replaced by serine was used as a control for the study. These peptides are referred to throughout the text as MMP propeptides. Both peptides were synthesized using t-butoxycarbonyl methodology (Multiple Peptide Systems) and then deblocked in hydrogen fluoride in the presence of p-thiocreosol to protect the sulfhydryl groups from oxidation. The composition and concentration of the peptides were confirmed by independent amino acid composition analyses. Because the "cysteine"-containing MMP propeptide is susceptible to oxidation, both peptides were stored as dry solids under argon and reconstituted with water immediately before their addition to the upper chamber of the Boyden apparatus. The effectiveness of the propeptide at inhibiting MMP activity was demonstrated by its ability to inhibit MMP development in the zymogram assay (Fig 3A) and MMP activity in the fluorescent peptide assay (Tables 1 and 2) .
Two sets of commercially available thiol-based metal-binding peptides that specifically inhibit collagenase were also tested for their ability to block invasion.32 One set is referred to as the phenylalanine derivatives: the "active" free thiol form being HS-CH2-R-CH(CH2-CH(CH3)2)-CO-Phe-Ala-NH2 and the "inactive" protected form being Ac-S-CH2-R-CH(CH2-CH(CH3)2)-CO-Phe-Ala-NH2. The other set is referred to as the naphthylalanine derivatives: the active free thiol form being HS-CH2-R-CH(CH2-CH(CH3)2)-CO-Nal-Ala-NH2 and the inactive protected form being Ac-S-CH2-R-CH(CH2-CH(CH3)2)-CO-Nal-Ala-NH2. Both sets of inhibitors were obtained from Peptides International and were handled with the same precautions used for the MMP propeptides.
Two different rabbit antisera to human 72-kD type IV collagenase (MMP2) were used to neutralize or immunoabsorb MMP2 activity (antisera were generously provided by W. Stetler-Stevenson, National Cancer Institute, Bethesda, Md). Antibody Ab IVase was used for neutralization of MMP2 in the zymography (Fig SA) and migration assays (Fig SB) . Nonimmune rabbit serum (Jackson Laboratories) at a protein concentration equivalent to that of the antisera was used as a negative control for the effects of Ab IVase. Both specific and nonimmune sera were partially purified before use by passage over protein A agarose and were added to the upper chamber of the Boyden apparatus along with the cells used for analysis. The second antibody used in these studies was a peptide antisera called Ab 45. This antisera was affinity-purified and used for immunoprecipitation studies (Fig 8) and for depleting conditioned media of 72-kD gelatinase (Table 2) . To control for possible nonspecific actions of the antisera, a 10-fold excess (wt/wt) of the peptide used an immunogen was preincubated with antisera before its use in the experiments.
Electron Microscopy
Scanning electron micrographs of the cells on the underside of the filter in the Boyden apparatus were prepared by first fixing the cells in a solution containing 4.0% formaldehyde and 2.5% glutaraldehyde for 4 hours and then transferring them to a solution containing 2% osmium tetroxide and 1% thiocarbohydrazide for 60 minutes. The latter solution was changed once during the incubation period. The cells were then dehydrated through a graded series of ethanol. Filters were scanned with an Amray 1000 electron microscope by an independent contractor (Paragon Biotech).
Collagenase Zymography and Activity Assays
Gelatin-degrading proteinases secreted into the culture media by VSMCs were analyzed by nonreducing sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in 10% gels containing 0.1% (wt/vol) gelatin33 (Novex Chemical). Samples were denatured at room temperature in an equal volume of 0.25 mol/L Tris-HCl (pH 6.8), 20% glycerol, 2% SDS, and 10 gg/mL bromphenol blue. After electrophoresis, the gelatinases were renatured by incubating the gel at room temperature two times for 30 minutes in 2.5% (vol/vol) Triton X-100 and then at 37°C for 18 hours in 50 mmol/L Tris-HCl (pH 7.6), containing 0.2 mol/L NaCl, 5 mmol/L CaCl2, and 0.02% Brij 35 (wt/vol). The gels were stained for 90 minutes with 0.5% Coomassie brilliant blue G-250 and destained with 10% acetic acid in 40% methanol.
Gelatinolytic activity was evident as a clear band against the blue background of stained gelatin. Assignment of bands to active and latent forms of MMP2 was made after in vitro activation byp-aminophenylmercuric acetate (APMA) and by reference to purified latent and APMA-activated recombinant human MMP2 purified from vaccinia virus-infected cells (gift of Rafi Fridman, Wayne State University).
Collagenase activity was measured using a modification of the N-methyl anthranilic acid (NMA) fluorescent peptide assay.34 Briefly, 250,L of conditioned media from VSMCs was concentrated =10-fold with a Centricon 30 microconcentrator according to the manufacturer's instructions (Amicon) and then incubated with 50 ,zmol/L of the peptide DNP-Pro-CHAGly-Cys(Me)-His-Ala-Lys(NMA)-NH2 (Peptides International), where CHA is cyclohexyl acid, in an assay buffer consisting of 200 mmol/L NaCl, 50 mmol/L HEPES (pH 7.6), 5 mmol/L CaCI2, 20 ,umol/L ZnSO4, and 0.05% Brij 35 in a total volume of 50 ,uL. After incubation for a defined time (typically 4 to 24 hours), the reaction was diluted to 1.5 mL with the assay buffer and read on a Perkin-Elmer spectrofluorometer with an excitation setting of 340 nm and an emission setting of 440 nm. The spectrofluorometer was routinely blanked on a sample containing only the buffer and peptide. Recombinant human MMP2 was used as a positive control in all assays and was activated by a 60-minute incubation at 37°C in 1 mmol/L APMA. Activation of the enzyme was monitored by zymography as described above. The development of fluorescence was extract and time dependent and in the case of recombinant captoethanol, and 10 ,ug/mL bromphenol blue) was then added and boiled for 3 minutes, and the samples were separated by SDS-PAGE on a 10% separating gel. After electrophoresis, the gel was fixed in 50% methanol/7% acetic acid and then prepared for gel fluorography according to the manufacturer's instructions (ENHance, NEN). Immunoprecipitation was quantified with a Betascope 603 blot analyzer (Betagen Corp) and represented as counts per minute per 100 000 cells. Cell number was calculated from the total protein content of the cellular layer and the following relation: 106 cells=0.76 mg protein, which was empirically derived in the laboratory by comparing cell number (determined by flow cytometry) and total cellular protein in duplicate cultures of proliferating and differentiated VSMCs. No significant difference was noted in the relation for proliferating and differentiated VSMCs.
RNA Analyses
Total RNA was isolated from VSMC cultures using the guanidinium isothiocyanate procedure. 35 For Northern analyses, the RNA was fractionated on 1% agarose-formaldehyde gels after denaturating in methylmercury hydroxide. The fractionated RNA was electrophoretically transferred to a nylon membrane (Duralon, Stratagene Cloning Systems) in 1 x Tris-acetate-EDTA buffer at 6 V/cm for 4 hours and then covalently crosslinked to the nylon membrane by UV irradiation (120 mJ). For most probes, the nylon blots were prehybridized for 2 to 18 hours in 50% formamide, Sx Denhardt's solution,36 0.5% SDS, 0.1% Na4PO7, 50 mmol/L Tris-HCl (pH 8), 0.5 mmol/L EDTA, and 200 ,ug/mL denatured salmon sperm DNA at 42°C and then hybridized in fresh solution of the above containing 1x 106 cpm of probe per milliliter of hybridization solution. For a-smooth muscle actin mRNA, the blots were prehybridized and hybridized in Church buffer37 containing 100,zg/mL denatured salmon sperm DNA, 100,ug/mL yeast tRNA, and 40,ug/mL polyadenylic acid at 60°C to 65°C. cDNA probes for rat glyceraldehyde-3-phosphate dehydrogenase (GAPDH), total rat actin, rat 72-kD type IV collagenase, rat tissue inhibitor of metalloproteinase-1 (TIMP1), human tissue inhibitor of metalloproteinase-2 (TIMP2), and rat transin 1 and 2 were generated by polymerase chain reaction (PCR) using published nucleotide sequences and reverse-transcribed mRNA from either adult rat aorta (GAPDH and actin), rat 6R cells (72-kD type IV collagenase and rat TIMP1), HT 1080 cells (human TIMP2), or rat 6R cells treated with 12-O-tetradecanoylphorbol 13-acetate (PMA, 100 ng/mL for 24 hours) or epidermal growth factor (20 ng/mL for 8 hours) (rat transin 1 and 2, respectively). The DNA sequences of the primers used for cloning these probes were as follows: for rat GAPDH,38 sense AGCAACTCCCATTCTTCCA and antisense GATGGTATTCGAGAGAAGC; for total actin,39 sense TGA-CATCAGGAAGGACCTCT and antisense AACTGAAG- The PCR products were cloned into either the pCRI00O or pCRII vectors according to the manufacturer's instructions (In Vitrogen Corp) and then sequenced in full using the dideoxy method to verify that the cloned products completely matched the published DNA sequence. cDNA probes for 92-kD collagenase44 and rat interstitial collagenase45 were generously provided by Dr Gregory Goldberg (Washington University, St Louis, Mo) and Dr John Jeffrey (SUNY, Albany, NY), respectively. All cDNA probes were labeled by the random-priming method46 and then incubated with the membrane in fresh hybridization solution at 1x106 cpm/mL. The a-smooth muscle actin probe was a 35-base oligonucleotide complementary to sequences in the 3' untranslated region. Derived from the published data, its sequence was as follows: CCGCTCTGTC-TCTAGCACACAACTGTGAATGTTTTGTGG.39 This oligonucleotide was labeled with a-[32P]dATP at its 3' end by use of terminal transferase. 36 The mRNA levels for smooth muscle-specific myosin heavy chain (SMHC-1) and GAPDH were analyzed by quantitative PCR using the following oligonucleotide primers derived from published sequence data: for SMHC-1,47 sense GGCAGAGAAAGGAAACACCA and antisense TCAGCCTGCTGGGCTTTGCT; and for GAPDH,38 sense AGCAACTCCCATTCTTCCA and antisense GATGGTATTCGAGAGAAGC.
PCR was run for 20 cycles at an annealing temperature of 60°C, and the products were separated by electrophoresis in a 1.5% agarose gel, denatured, transferred to nylon membranes (Genescreen Plus, Dupont) by capillary blotting in lOx standard saline citrate, and then hybridized with radiolabeled cDNA probes to human GAPDH (Clontech Laboratories) or rat SMHC-1. The latter probe was generated by PCR using the published nucleotide sequence47 and subcloned into the pCRII vector (In Vitrogen Corp), and then its nucleotide sequence was determined to ensure that it contained the cDNA fragment to SMHC-1. The GAPDH primers yield an expected PCR product of 325 bp, whereas the SMHC primers can yield two PCR fragments, a 442-bp fragment corresponding to the SM-1 MHC isoform and a 481-bp fragment corresponding to the SM-2 SMHC isoform. 
Results
VSMCs Invade Reconstituted BMs
Cultured VSMCs from the rat thoracic aorta or carotid artery were placed in the upper chamber of a Boyden apparatus, which was separated from the lower chamber containing the chemoattractant PDGF-BB by a filter and a barrier of 10 gtg reconstituted BM. A cross section through a Boyden chamber filter-coated with reconstituted BM is shown in Fig 1, top. The coating (BM) created a uniform barrier that in the field shown was degraded directly over a pore (P1) through which a VSMC had apparently migrated. In contrast, the coating over other pores (eg, P2) not adjacent to any migrating cells remained intact. A scanning electron micrograph of the underside of the filter (Fig 1, bottom) showed attached VSMCs that were much larger than the diameter of the pores, indicating that they had undergone extensive cellular modifications in traversing the filter. These micrographs show that VSMCs can effectively migrate toward PDGF through a BM barrier and suggest that this migration is accompanied by local degradation of the matrix in the pathway of migration.
The number of VSMCs migrating across the BM barrier was dependent on the presence of a gradient of chemoattractant (Fig 2) . Its removal from the lower chamber and replacement by a nonspecific agent, such as BSA, resulted in a dramatic reduction in the number of cells appearing on the underside of the filter (filled versus open bars in Fig 2) , as did adding equal amounts of PDGF to both sides of the barrier (no gradient, cross-hatched bar in Fig 2) . The number of cells appearing on the underside of the chamber increased with time, although fewer cells appeared in the first hour compared with later times. This reflected the fact that cell attachment was not immediate and required at least 1 hour for completion. To determine whether differential adhesiveness of cells affected any of the results described below, the time course of cell attachment was checked for each of the manipulations described below and found not to vary significantly among the different conditions tested or treatments used. MMPs Are Required for VSMC Chemoinvasiveness
To determine if MMPs are required for VSMC migration through the reconstituted BM, we used two types of synthetic peptides that inhibit MMP activity by two different mechanisms. Inhibition by the first of these (the MMP propeptides) is based on highly conserved amino acid sequences in the pro segment of "latent" MMPs that are thought to mediate inhibition of enzymatic activity of the proenzyme form. 31 By mimicking this pro segment, the peptide inhibits the been cleaved. Such an MMP propeptide has been shown to effectively inhibit MMP activity in vitro and to inhibit tumor cell metastasis in vivo.30 Its efficacy in our system was confirmed by its ability to inhibit the development of MMP activity on a zymogram of conditioned media from VSMCs ( Fig 3A) and to inhibit MMP activity in a fluorescent peptide assay (Tables 1 and 2) . When added to VSMCs in the upper chamber of the Boyden apparatus, the peptide inhibited VSMC invasion (defined as migration through the BM barrier) by >80% (active MMP peptide in Fig 3B) while not significantly affecting migration in the absence of the BM barrier. A dose-response curve showed that 50% maximal inhibition of chemoinvasion occurred at 20 ,umol/L peptide, a concentration similar to that reported for the inhibition of in vitro tumor cell invasion.30 The specificity of this inhibition was demonstrated by incubating the VSMCs with a peptide that differed at only one amino acid, the cysteine in position 7 being changed to serine. As predicted from the cysteineswitch hypothesis3' and shown by others,30 replacement of the cysteine creates a minimally altered peptide with little ability to inhibit MMP activity (Fig 3A and Tables  1 and 2 ). Consequently, incubation of VSMCs with the cysteine-substituted peptide had no significant effect on migration in either the presence or absence of the BM barrier (inactive MMP peptide in Fig 3B) .
The second set of peptide inhibitors were the thiolbased peptide inhibitors described by Darlak et al. 32 These peptides coordinate zinc, which is required for MMP enzymatic activity. Their selectivity resides in the fact that they mimic the sequence of the active site. Two sets of these inhibitors were tried: one in which phenylalanine was the penultimate amino acid and another in which naphthylalanine resided in this position. The data in Table 1 compare the efficacy of these peptides and the MMP propeptides at inhibiting the activity of recombinant human MMP2 in a test tube and the migration of VSMCs in the presence (invasion) and absence (migration) of the BM barrier. Both thiol-based peptide inhibitors inhibited in vitro MMP activity as well as invasion but had no effect on migration in the absence of the BM barrier. Control peptides in which the thiol group was protected and no longer capable of metal binding had no effect on in vitro MMP activity or VSMC invasion.
Since all these peptides can inhibit all MMPs, we used zymographic and Northern blotting analyses to determine which MMPs were expressed by the VSMCs under the conditions of our experiments and were the potential targets for inhibition by the peptides. Gelatin zymograms of VSMC-conditioned media from the upper well of the Boyden chamber showed that the major MMP expressed by these cells was MMP2 (Fig 4A) , which was present mostly in the latent form. Lesser amounts of 92-kD type IV collagenase (MMP9) were also observed in the zymogram, although most if not all of this originated from enzyme present in the reconstituted BM used for coating the filters. 48 (Fig  4B) . The mRNAs encoding MMP9 (Fig 4C) , the interstitial collagenase (MMP1) (Fig 4D) , or stromelysins 1 and 2 (MMP3 and MMP10) (Fig 4, panels E inhibit zymogram development of MMP2 activity from the conditioned media of migrating VSMCs (Fig 5A) . Invasion was inhibited by >75% when using the antiserum but was not significantly affected by incubation with an equivalent amount (based on protein concentration) of nonimmune serum (Fig 5B) . The antiserum effect was dose dependent (data not shown), and the concentration of antiserum used in these experiments was the minimum dose necessary to achieve the maximal inhibitory effect. There appeared to be a slight inhibition A C ' i?~t ' 4 !' (Fig 6B) , very low amounts of a-smooth muscle actin (Fig 6A) , and little if any SMHC mRNAs (Fig 6C) . The in vitro differentiated cells, on the other hand, expressed elevated levels of both a-smooth muscle actin and smooth muscle-specific MHC mRNAs. VSMCs in both states expressed similar amounts of GAPDH and J3-actin mRNAs (Fig 6D and  6B, respectively) .
VSMC migration across the BM barrier was significantly suppressed by cellular differentiation (Fig 7) . Quantitatively, synthetic VSMCs were fourfold to fivefold more active in migrating in the Boyden assay than in vitro differentiated cells. Although the attachment of synthetic/proliferating and differentiated VSMCs to the upper filter of the Boyden apparatus was similar, we performed the following experiment as an additional guarantee that subtle differences in the kinetics of Although the fact that both migration and invasion were inhibited in differentiated cells indicated that some aspect common to both assays was affected, we also looked at whether changes in MMP activity that were important for invasion accompanied the phenotypic changes of VSMCs. Conditioned media from synthetic and differentiated VSMCs were tested for MMP activity using a fluorescent peptide assay. As a positive control, we used recombinant MMP2 that could be activated in vitro. The results presented in Table 2 compare the MMP activity of VSMCs in the two phenotypic states and show that synthetic VSMCs have almost 30 times the activity of differentiated cells. All activity in both VSMC phenotypes and in activated recombinant MMP2 was inhibited by 1,10-phenanthroline (a xinc-chelating inhibitor of metalloproteinase expression) and by the active MMP propeptide used to inhibit migration (Fig 3) . In addition, all activity was removed by preabsorption with an affinity-purified MMP2 antibody (Ab 45), indicating that the majority of MMP activity was, in fact, due to MMP2. The data in Table 2 also show that enzyme activity was not altered by PDGF stimulation.
We next looked for possible changes in newly synthesized MMP2 protein (Fig 8) and MMP2 mRNA that could account for the decrease in activity associated by the failure of labeled bands to be precipitated in the absence of the affinity-purified antibody (lane 2) and the absence of bands in which the antibody was first absorbed by the peptide immunogen (lane 3). Although the data show that the amount of radiolabeled MMP2 present in the conditioned media of differentiated VSMCs is greater than the amount in the same volume of media from proliferating cells, the density of differentiated VSMCs is usually five to six times that of proliferating cells. Accordingly, when the data were normalized to cell number, MMP2 protein expression in differentiated VSMCs was only 60% that in proliferating VSMCs (Fig 8B) . The results presented above are consistent with the zymogram results shown in Fig 4A, which indicate high levels of MMP2 protein expression in both proliferating and differentiated cultures. In this particular zymogram, a fraction of this activity in proliferating cells is in the activated form, whereas the conditioned media from differentiated cells show no activated forms. The presence of activated forms of MMP2 in proliferating cells was not consistently observed, probably because the fraction of zymogram activity in this form was very small. On the other hand, activated forms of MMP2 were never observed in the conditioned media from differentiated cells, unless an activator (eg, APMA) was added.
Differentiation also reduced the level of MMP2 mRNA approximately in half, while it upregulated mRNA levels of one of the tissue inhibitors of metalloproteinase, TIMP1. The expression of another inhibitor, TIMP2, which has been shown to specifically associate with latent MMP2, was downregulated along with MMP2. The data from a number of such determinations are shown in the bar graph in Fig 9E. All data have been normalized to the expression of GAPDH mRNA, a constitutively expressed housekeeping gene. MMP2 mRNA levels were not affected by the addition of PDGF.
Discussion
We show in the present study that isolated VSMCs in cell culture possess the ability to invade a reconstituted BM as they migrate toward the chemoattractant PDGF-BB. Within the time frame of the assay (4 hours), a significant number of the cells adhered to the BMcoated filter and migrated to its underside in the direction of the chemoattractant. The invasive ability of these VSMCs was significantly reduced when MMP activity was inhibited with a peptide based on the conserved region of the pro segment of all MMPs (Fig 3), by metal-binding thiol-based collagenase-specific peptides (Table 2) , or by a neutralizing antibody to MMP2, the 72-kD type IV collagenase (Fig 5) . Accordingly, the major MMP expressed in vitro by VSMCs was shown to be MMP2 (Fig 4) , which is present in proliferating VSMC-conditioned media in both activated and latent forms. (Fig 4) in the VSMCs used in the present study, even when the cultures were treated with PMA (data not shown). Cytokines, such as interleukin-1 and tumor necrosis factor-a, are potent physiological stimuli for MMP1 expression that are expressed by, at least, some VSMC cultures. 55, 56 The expression of these cytokines may be an important permissive requirement for MMP1 expression and may be lacking in our system. On the other hand, the lack of rat VSMC responsiveness may represent an important species difference that must be taken into account in extrapolating the results reported here to human VSMCs and vascular disease states.
The most significant and novel observation reported here is that the invasive phenotype is suppressed by VSMC differentiation. In vivo and in cell culture, VSMCs can exist in different phenotypic states with respect to cellular differentiation.49,S50 In the normal intact vessel, VSMCs exist primarily in a differentiated state in which gene expression is directed toward the synthesis of differentiation-specific products, such as contractile proteins. In response to injury, the VSMCs that accumulate in extramedial spaces dedifferentiate toward a synthetic state in which gene expression is directed toward cell growth and proliferation.57 Modulation between these two states can be readily achieved in cell culture by altering cell density and the availability of growth factors.49,50 At low cell density and in the presence of serum growth factors, VSMCs exist in a dedifferentiated state similar to that seen in proliferating VSMCs from the neointima after vessel injury. Allowing VSMCs in cell culture to grow past confluence to a postconfluent state in which they attain a threedimensional hill-and-valley organization and then withdrawing serum growth factors for a number of days results in a gradual phenotypic transformation toward the differentiated state. Our results demonstrate that VSMC differentiation suppresses the invasive phenotype. The regulation of invasive ability in VSMCs by cell differentiation is one important difference between the invasive behavior of VSMCs and tumor cells.
One way in which the suppression of invasive ability might be achieved is through a reduction in MMP2 activity (Table 2) . That reduction can result from changes at a number of different levels of regulation. We have observed a number of differences in the processing of MMP2 and expression of endogenous inhibitors of the MMP that could account for this change. Differentiated cells express less MMP2 mRNA (Fig 9) , which is reflected in the amount of newly synthesized MMP2 protein secreted into the culture media (Fig 8) . Differentiation 17, 41, 59 In addition to suppressing MMP2 activity, there is likely to be a second mechanism to suppress the invasive ability of the VSMCs. That is because migration in the presence and absence of the BM barrier was inhibited by cellular differentiation. Inhibiting MMP activity has no effect on migration in the absence of the BM barrier (Fig 3 and 5 , Table 1 ), so some feature common to both types of migration must also be altered by differentiation. Of the many possibilities, alterations in chemoattractant signal transduction or the regulation of actin microfilament assembly and disassembly required for cell movements seem probable targets of the suppression.
The development and application of the in vitro assay described here will aid in the identification of the factors responsible for determining when and how the invasive phenotype is acquired by VSMCs. The reduction in in vitro invasive ability after VSMC differentiation might be one of the mechanisms that limits cell migration and ECM degradation by VSMCs in the normal vessel and restricts these phenomena to periods after vessel injury.
